SUMMARY. The present study assessed the effect of photoperiod on budbreak of cuttings of three interspecific hybrid grape (Vitis) cultivars that had received different chilling hours. Stem cuttings were collected at 100-hour intervals of chilling (200, 300, 400, 500, 600, 700, and 800 hours) from the vineyard and kept in three growth chambers with daylengths of 8, 16, and 24 hours. Another group of cuttings were maintained in a greenhouse with a natural daylength range of 10.5-13 hours [8 Dec. 2017 to 4 May 2018 (average = 12 hours)]. Chilling requirements, days to budbreak, and budbreak rate were determined after plants were exposed to different chilling hours and daylengths. Results of our study demonstrated that the chilling requirements of all three cultivars were adequately reached at 600 hours or more. Increasing chilling exposure from 600 to 800 hours shortened the time to budbreak in all cultivars. Overall, 'MidSouth' had an average budbreak rate of 90% when receiving at least 600 hours chilling. 'Blanc du bois' and 'Lake Emerald' had 62% and 65% average budbreak, respectively. Longer days (24 hours) reduced time to budbreak by 14, 6, and 8 days, respectively, in 'Blanc du bois', 'Lake Emerald', and 'MidSouth' at 600 hours chilling. A combination of 24-hour photoperiod and chilling of 600 hours resulted in a maximum budbreak rate of 70%, 70%, and 100% in 'Blanc du bois', 'Lake Emerald', and 'MidSouth', respectively. Our results indicate that breaking dormancy may be controlled by both temperature and photoperiod in these three cultivars.
M any woody perennial species require a period of low temperatures during dormancy, referred to as ''chilling.'' A chilling requirement allows plants, especially those in temperate zones, to avoid damage during cold winter months. From late summer into fall, shorter photoperiods and decreases in temperature start the process for the plant to enter into endodormancy. Whereas several woody plants respond to both low temperature and photoperiod to start dormancy, it has been demonstrated that grape are able to start dormancy in response to short days only (Fennell and Hoover, 1991a; Salzman et al., 1996; Wake and Fennell, 2000) . Buds in endodormancy are inhibited from growing and cannot resume growth even in a warm environment (Londo and Johnson, 2014) . However, once buds receive a certain amount of chilling, they will burst if environmental conditions are conducive. For grape, the optimum chilling fulfillment has been reported to occur between 0 and 7°C (Dokoozlian, 1999) . Lack of chilling can result in delayed budbreak, uneven budbreak, reduced shoots and cluster development, change in fruit ripening, and an overall decrease in vine productivity (Dokoozlian, 1999; Londo and Johnson, 2014) . Low-chill cultivars planted in cold winter areas may be subjected to frequent frost damage because chilling requirements are satisfied too early. Chilling requirements vary by species, cultivars, and growing conditions (Arora et al., 2003; Dokoozlian, 1999; Dokoozlian et al., 1995) .
Studies suggest that budbreak can be affected by factors other than temperature, such as photoperiod, after bud set (Myking and Heide, 1995) . It has been shown that tree species may be responsive to both photoperiod and temperature regarding dormancy induction and budbreak (Li et al., 2002; Welling et al., 2002) . One theory is that photoperiod and temperature both stimulate hormones to act in concert (Arora et al., 2003; Heggie and Halliday, 2005) and dictate the timing of dormancy release. Hellmers and Hesketh (1974) showed that time to budbreak in loblolly pine (Pinus taeda) seedlings was influenced by both photoperiod and temperature. Short photoperiods may protect dormant buds from possible frost damage (H€ akkinen et al., 1998; Heide, 1993a) , whereas long photoperiods may mitigate inadequate chilling accumulations by reducing bud sensitivity to warmer temperatures (H€ akkinen et al., 1998; Heide, 1993b; Sanz-P erez et al., 2009 ). Wareing (1953) concluded that long day is the main factor for induction of budbreak in european beech (Fagus sylvatica) and the amount of chilling has no considerable effect on photoperiod requirement. Caffarra and Donnelly (2011) also showed that photoperiod had an effect on budbreak when the chilling requirement was not fully met in multiple tree species. In many cases, when chilling requirements are fulfilled, plants become sensitive to longer photoperiods as a signal for budbreak (K€ orner and Basler, 2010) . The release from bud dormancy is likely a complicated process involving many factors including temperature and light (Lavee and May, 1997) . Because of these complicated factors, field studies may not satisfactorily estimate chilling requirements (Hanninen et al., 2007; Hunter and Lechowicz, 1992) ; therefore, in this study, we chose to use controlled environments.
In abnormal budbreak; therefore, artificial application of high temperature (e.g., flaming) or chemicals such as hydrogen cyanamide have been shown to be useful for budbreak in grape (Londo and Johnson, 2014) . Although using these techniques can reduce budbreak problems, they are expensive and have potential phytotoxicity consequences (Or, 2009 ). Ultimately, using adapted, low-chill cultivars is the most sustainable practice. In addition, understanding how chilling hour accumulation affects budbreak induction can help grape breeders combat rising temperatures brought on by climate change. It has been estimated that a significant percentage of worldwide grape production is affected by changing climate conditions as it relates to chill accumulation (Hannah et al., 2013) .
Regions like the gulf coastal area of the United States with high relative humidity and strong temperature swings during fall, winter, and spring do not have ideal growing conditions to produce the best quality grapes. Old cultivar options are available and new selections are being tested that may improve grape production in the southern United States.
The aim of the study was to assess the effect of photoperiod on budbreak initiation on cuttings that received different chilling hours in three hybrid grape cultivars adapted to the Gulf Coast region of Mississippi.
Materials and methods
PLANT MATERIALS. In 2017, dormant grape cuttings from 5-year-old 'Blanc du bois' [Vitis aestivalis Fla. D6-148 · Vitis vinifera 'Cardinal' (Mortenson, 1987) (Stover, 1954) (Stafne and Alexander, 2017) . In the present study, we used the chilling hours model (Bennett, 1949; Weinberger, 1950) to quantify chilling hours calculated within the application. In this model, hours between 0 and 7°C are being used as the measure of chilling. The reason we used this model is that the optimum chilling fulfillment for grape has been reported to occur between 0 and 7°C (Dokoozlian, 1999) . For each cultivar, 10 two-node stem cuttings (%10 inches) were collected from the middle portion of a dormant cane at 100-h intervals of chilling starting at 200 h and reaching up to 800 h.
TREATMENTS. At each sampling date, 10 randomly chosen replication cuttings of each cultivar were rinsed with distilled water and placed in 1-L plastic beakers with the basal 3-4 inches in 5% sucrose solution. The solution was replaced every 3 d. The basal part of the cuttings was recut each week to make sure that the vascular system was not clogged.
The cuttings were maintained in three growth chambers with photoperiods of 8, 16, and 24 h and temperature of 25 ± 1°C under cool white fluorescent tubes (200
) with a constant relative humidity of 70%. Another group of cuttings was maintained in a greenhouse with ambient sunlight, average daylength of 10.5-13 h from starting experiment until termination [8 Dec. 2017 to 4 May 2018 (average = 12 h)], and 25 ± 3°C constant daily temperature.
Cuttings were monitored every day for chilling fulfillment and budbreak rate. We defined budbreak as the day when at least one bud on a cutting had reached stage 3 (green foliage) at 4 weeks of exposure to the forcing growth conditions (24 to 25°C). In previous studies, budbreak and chilling fulfillment were evaluated within a 4-week time period (Londo and Johnson, 2014), meaning dormancy was fulfilled and budbreak occurred when at least one bud on a cutting had reached stage 3 (green foliage) (Heide, 1993b) . We removed the cuttings from the beakers once budbreak was recorded to prevent duplicate observation. Cuttings that remained in the beakers after 8 weeks without budbreak were dissected with a razor blade to determine if the bud was alive or dead. If the bud was viable, we considered it a dormant bud that needed more chilling hours.
STATISTICAL ANALYSIS. The experimental design was a completely randomized design with each treatment replicated 10 times using one cutting per replication. Data were analyzed by analysis of variance (P < 0.05) using JMP (version 9.0; SAS Institute, Cary, NC) with the fit model procedure. Correlations were estimated by restricted maximum likelihood using the multivariate procedure, and pairwise correlation was tested by Pearson's correlation coefficient.
Results and discussion
The accumulated chilling hours and budbreak of three grapes are presented in Fig. 1 . All cultivars responded similarly to chilling treatments. All three cultivars needed a minimum of 600 h chilling to break their buds within 4 weeks of warm growing conditions. Accordingly, they are classified as low-chill, having <1000 h of chilling required (Londo and Johnson, 2014) . The general pattern of reduction in days to budbreak by increasing chilling hours was observed in this study (Fig. 1) . 'MidSouth', 'Lake Emerald', and 'Blanc du bois' needed 14, 16, and 17 d, respectively, to budbreak after their chilling requirements were fully satisfied at 600 h (Table 1; Fig. 1 ). The variation in budbreak rate was observed among the cultivars tested in this study once their chilling requirements were fulfilled (Table 1) . 'MidSouth' had an average budbreak rate of 90% in all photoperiod treatments when exposed to at least 600 h chilling, 28% and 25% more than 'Blanc du bois' and 'Lake Emerald', respectively. 'Blanc du bois', 'Lake Emerald', and 'MidSouth' had accelerated rate of budbreak from 17, 16, and 14 d at 600 h chilling, respectively, to 13, 13, and 13 d at 800 h (Table 1 ; Fig. 1) .
Overall, cuttings subjected to natural photoperiod in a greenhouse (average = 12 h) showed later budbreak compared with cuttings subjected to longer photoperiods in growth chambers [16 and 24 h (Table  2) ]. However, there was no significant difference between days to budbreak in response to daylength.
An interaction between photoperiod and chilling hour was observed on days to budbreak, although the three cultivars responded to two treatments differently. The interaction was most pronounced in 'MidSouth'. Among the treatments tested, a combination of 24-h photoperiod and chilling of 600 h resulted in a maximum budbreak rate of 70%, 80%, and 100% in 'Blanc du bois', 'Lake Emerald', and 'MidSouth', respectively (data not shown).
Our results indicated a weak, negative correlation between photoperiod and days to budbreak (P = 0.005, r = -0.116). Budbreak was delayed in short days compared with long days. A longer photoperiod reduced the days to budbreak (Table 2) . 'Blanc du bois', 'Lake Emerald', and 'MidSouth' exposed to 600 h of chilling and 8-h photoperiod needed 27, 19, and 19 d to reach budbreak, respectively, whereas a longer photoperiod (24 h) reduced time to budbreak to 13, 13, and 11 d, respectively (Table 2 ; Fig. 2) . The results showed that cuttings were more Minimum time for maximum budbreak indicates the minimum number of days required to burst after receiving 800 h chilling under 24-h photoperiod.
y Maximum budbreak rate indicates maximum budbreak percentage at 600 h chilling in all photoperiod treatments.
x Average time to budbreak indicates the mean number of days required for breaking bud after 600 h chilling.
w Average budbreak rate indicates the mean budbreak percentage at 600 h chilling in all photoperiod treatments. Fig. 1 . Mean number of days (±SE) required for budbreak and accumulated chilling hours for three interspecific hybrid grape cultivars. Days to budbreak decreased with increased chilling hours. Table 2 . Effect of daylength and chilling hours on days to budbreak in three interspecific hybrid grape cultivars. There is a significant interaction (P < 0.0001) between photoperiod and chilling hours on time to budbreak within each cultivar. Mean separation is within cultivars. Significant differences among chilling hours within cultivar are indicated by uppercase letters. Significant differences among photoperiods are indicated by lowercase letters. Means not followed by the same letters are significantly different (P < 0.05) and separated by Tukey's honestly significant difference. Fig. 2 . Effect of different photoperiods on days to budbreak after 600 h chilling in three interspecific hybrid grape cultivars. Means within cultivar not followed by the same letters are significantly different (P < 0.05) and separated by Tukey's honestly significant difference.
responsive to photoperiods at lower chilling such as 200 h. The longest photoperiod (24 h) at 600 h chilling shortened days to budbreak by 14, 6, and 8 d in 'Blanc du bois', 'Lake Emerald', and 'MidSouth', respectively, whereas when they were exposed to 500 h chilling, the longest days (24 h) decreased time to budbreak in 'Lake Emerald' and 'MidSouth' by 3 and 14 d, respectively, and increased 5 d in 'Blanc du bois'. There are several reports on the effects of photoperiod on bud development during the winter chilling accumulation period in other crops. For example, Heide (1993a) suggested that long days reduced the time to budbreak in common hazel (Corylus avellana). Falusi and Calamassi (1996) reported that long days may substitute for winter chilling in european beech seedlings. In other words, in some species long days may reduce time to budbreak if the chilling requirement is inadequate to break the buds. Caffarra and Donnelly (2011) also concluded that long days are more effective for budbreak when the chilling requirement was not sufficient. In our study, only 'MidSouth' was responsive to photoperiod when the chilling requirement was less than 600 h, but greater than 300 h ( Table 2) , meaning that this cultivar may also be sensitive to daylength changes before budbreak. Garber (1983) showed once the chilling requirement for budbreak was met in loblolly pine, the photoperiod did not affect the rate of budbreak. However, Hellmers and Hesketh (1974) and Heide (1993b) reported that budbreak rate is controlled by both photoperiod and temperature in loblolly pine and european beech, respectively, even after chilling fulfillment. This result was in agreement with the previous study carried out by Grant (2012) who observed 100% budbreak on grape cultivars exposed to long days and forcing conditions. However, those which were exposed to short days showed 40% to 80% less budbreak. Fennell and Hoover (1991b) also found that long days shortened time to budbreak in fox grape (Vitis labrusca) and riverbank grape (Vitis riparia). Our results for these hybrid grape cultivars indicate that photoperiod influenced budbreak on lower chilling hours. All grapes in this study are grown in the southern United States where daylengths are shorter than in more northern latitudes. Moving these cultivars farther north where daylengths are longer could affect budbreak timing, potentially leading to frost and freeze injury.
This study showed that both chilling and photoperiod may be needed for induction of budbreak and breaking dormancy in these three grape cultivars. The results suggest that photoperiod plays only a minor role in induction of breaking dormancy compared with chilling accumulation. Also, different sensitivity to photoperiod was observed among the cultivars tested in this study that may affect the response of these cultivars to different climates. Thus, the actual significance of photoperiod may be over-or underestimated in this study because the results obtained from constant photoperiod and temperature in a controlled environment with cuttings may not reflect the actual response of adult grape exposed to environmental factors in the vineyard. It is still unclear whether longer days reduce forcing temperature or make plants more responsive to warmer conditions. Studies investigating global effects on grape suggested that chilling hours may be severely reduced in the future, especially in warm growing regions (Baldocchi and Wong, 2008; Luedeling et al., 2012) . Understanding the chilling requirements of different grape cultivars will allow producers to determine the best fit for their growing region and prepare them to choose sustainable strategies over using artificial means to induce budbreak as a way to deal with progressing warmer climate conditions. Therefore, selection of cultivars with higher sensitivity to longer photoperiods to promote later budbreak may be a worthwhile strategy for breeders to introduce cultivars with higher bud dormancy stability in winter and better avoidance of spring frost injury.
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